The cytochrome c550-deficient mutant (psbV-disruptant) of Synechocystis requires a high concentration of Cl -in the culture medium to support photosynthetic oxygen evolution. From this disruptant, we isolated spontaneous suppressor mutants that are able to grow photoautotrophically in the absence of Cl -. Three independent mutations were identified: one was a deletion in slr0753 and two were a transposition of related insertion sequences in the same slr0753. The deduced product of slr0753 belongs to a novel group of the superfamily of ion efflux pumps and ion transporters. These results suggest that Slr0753 exports Cl -or a related anion, which is essential for PSII oxygen evolution.
The water-splitting system of PSII, that is the sole source for mass production of oxygen on the Earth, contains cofactors such as an Mn 4 cluster, Ca 2+ and Cl -. They are coordinated by apoproteins, mostly D1 protein of the multisubunit supramolecular PSII complex. Recent X-ray crystallographic analyses of the cyanobacterial PSII revealed the outline of the coordinated structure of manganese and calcium, although the fine structure has not yet been established (Ferreira et al. 2004 , Loll et al. 2005 . The Cl --binding site has also not yet been established. Light-induced oxidation of the Mn 4 cluster is the central chemical reaction coupled with water oxidation, while Ca
2+
and Cl -stay apart from the reaction but play key roles for S state transition. It is known that extrinsic proteins such as cytochrome c550 and 33 kDa protein serve as a concentrator of Ca 2+ and Cl -ions (Seidler 1996 , Debus 2000 . Cyanobacterial mutants of cytochrome c550 (encoded by psbV) and 33 kDa protein (encoded by psbO) require supplementation of Ca 2+ and Cl -in the growth medium for oxygen evolution and photoautotrophic growth (Bockholt et al. 1991 , Burnap and Sherman 1991 , Shen et al. 1998 . As yet, however, little is known about the precise role of these extrinsic proteins for functioning of the cofactors. The 33 kDa protein is totally conserved in oxygenic photosynthetic organisms, while cytochrome c550 is found in most cyanobacteria and some eukaryotic algae. The role of cytochrome c550 may be functionally replaced by 24 kDa protein (encoded by psbP) in the green lineage of eukaryotes including higher plants (Enami et al. 2003 , Thornton et al. 2004 .
Ion homeostasis in prokaryotes is not well understood compared with that in eukaryotic cells (Claiborne et al. 2002 , Jentsch et al. 2002 . Further, ion homeostasis as well as the ion requirement of cyanobacteria must be quite different from those of other mostly heterotrophic bacteria, since cyanobacterial life is highly dependent on oxygenic photosynthesis. Non-photosynthetic cyanobacterial species have never been documented in nature. The water-splitting reaction of PSII utilizes manganese, calcium and chloride as essential cofactors. Furthermore, cyanobacteria and some autotrophic bacteria accumulate a large amount of bicarbonate anion in the cytoplasm for efficient CO 2 fixation (Ogawa and Kaplan 2003) .
To gain insights into Cl -transporters or Cl -homeostasis in cyanobacteria, we isolated spontaneous suppressor mutants that do not require Cl -from the psbV-disruptant of Synechocystis sp. PCC 6803. It was found that the three independent mutations were located in the same open reading frame (ORF), which belongs to a novel group of a large heterogeneous family of ion efflux pumps and transporters.
The psbV-disruptant does not grow photosynthetically at all without Cl -, but grows photosynthetically whenever Cl -is added (Fig. 1) , as described previously (Shen et al. 1998 ). However, during extended incubation in the Cl --free medium in the light with CO 2 , we could isolate slowly growing pseudorevertants, which still carried the erythromycin cassette in psbV as designed (not shown). The batch culture, thus obtained, included at least three independent suppressor mutations, as mentioned below. At any rate, they recovered the capability for photoautotrophic growth in the absence of external Cl -. Their growth rate was about two-thirds that of the wild type (data not shown).
Suppressor mutations for Cl
-requirement of PSII 800
To identify the suppressor mutations, we attempted growth complementation of the psbV-disruptant with genomic DNA from the suppressor mutants on a Cl --free agar plate. This was successful only after removal of a trace amount of Cl -from the agar by extensive washing. Size fractionation of the EcoRI-digested genomic DNA revealed that both 3-4 and 4-6 kbp fractions are effective in complementation to recover the growth on the Cl --free agar plate. The DNA from the 3-4 kbp fraction corresponded to a genomic fragment of 3.9 kbp that harbors five genes (slr0752, sll0732, slr0753, ssl1378 and sll0729) in the wild type. Further complementation and sequence determination revealed that the suppressor DNA has a deletion of 481 bp (position 3,422,581 to 3,423,061 of the chromosome), which consists of 30 bp of slr0753 and its upstream region (Fig. 2) . In other words, the initiation codon and promoter region were lost from slr0753, while the upstream hypothetical gene, sll0732, still retained a putative promoter region of 98 bp. This suggests that expression of slr0753 was specifically affected in this suppressor mutant. Two positive DNA clones from the 4-6 kbp fraction were also the same EcoRI fragment as mentioned above except for the following. Instead of the deletion, they contained inserted DNA of 1,184 bp in slr0753 at different loci (Fig. 2) . These inserted DNAs consist of an insertion sequence (ISY203) of 1,175 bp and a direct repeat of 9 bp (designated ISY203l and ISY203m) ( Table 1) . Generation of a direct repeat has been noted in trans- position of many insertion sequences. At the nucleotide level, ISY203l diverged from ISY203m by 3 bp, but the amino acid sequence of the transposase was the same. In the parent glucose-tolerant substrain of Synechocystis, there are seven copies of ISY203 (Okamoto et al. 1999) , while the sequenced substrain 'Kazusa' contained 11 copies of ISY203 (Kaneko et al. 1996 , Kaneko et al. 2003 . Since these copies show slight variation in their nucleotide sequence, we could unambiguously identify the origin of newly transposed copies: ISY203x for ISY203l, and ISY203f for ISY203m. ISY203 belongs to the IS4 family, which generally creates an insertion of the duplicated copy while keeping the original copy. In any case, insertion of insertion sequence disrupted the coding frame of slr0753. These findings suggest that inactivation of slr0753 is strictly coupled with escape from the Cl -requirement of the psbV-disruptant.
Slr0753 is annotated in CyanoBase as a probable transport protein. A Blastp search of the protein database revealed that Slr0753 is homologous to conserved ORFs in some cyanobacteria and bacteria, animal p protein and bacterial arsenic efflux pump ArsB, with decreasing homology in this order. These protein families are also weakly homologous to the Na + /H + antiporter NhaD. These protein families are shown in a phylogenetic tree (Fig. 3) . The close homologs of Slr0753 (cyanobacterial and bacterial conserved ORFs and animal p protein) have never been experimentally identified as a transporter. In contrast, ArsB protein has been well established as the arsenite efflux pump especially in the R-factor plasmid R773 of Escherichia coli (Rosen 1999) . Usually, ArsB and ATPase ArsA form a complex that extrudes arsenite by the ATP-driven pump (Dey and Rosen 1995) . In some bacteria such as Staphylococcus aureus, only ArsB functions as an arsenite efflux pump, which is coupled with the proton motive force (Ji and Silver 1992) . The ArsB protein of E. coli has 12 membrane-spanning α-helices, which were experimentally determined (Wu et al. 1992) . Hydropathy of the slr0753 product shows a profile of many membrane-spanning segments, which is very similar to that of ArsB (Fig. 4) . This suggests that Slr0753 is an anion efflux pump or anion transporter. In this study, we showed that inactivation of slr0753 is strictly coupled with escape from the Cl -requirement of the psbVdisruptant. Taken together, it may be concluded that the slr0753 product acts as an efflux pump of Cl -or some anions that are critical for water oxidation in the PSII. To our knowl- edge, this is the first evidence suggestive of a Cl -transporter in prokaryotes. On the genetic background of the wild type, slr0753 was successfully disrupted by a kanamycin-resistant cassette, indicative of its dispensable role. The slr0753 mutant showed a slightly retarded growth in both the Cl --free and Cl --supplemented media compared with the wild type (Fig. 1) . As expected, disruption of slr0753 on the genetic background of the psbV-disruptant recovered the growth in the Cl --free medium. This suggests that Slr0753 is not essential but contributes to the growth of the wild type probably by regulation of Cl -homeostasis.
The hydropathy profile of the animal p proteins is also similar to those of ArsB and Slr0753, although they have extra segments in the N-terminus and in the middle of the Cterminal region (Fig. 4) . Mutations in the animal p gene were identified in the pink-eyed dilution phenotype that results from the lack of melanin accumulation in melanocytes (Rinchik et al. 1993 , Brilliant 2001 . The mutant was characterized by aberrant pH of melanosomes in the melanocytes (Puri et al. 2000) . Taking the possible role of Slr0753 for Cl -transport into consideration, we may suggest that the animal p proteins cause the efflux of the Cl -anion from the cytoplasm to the melanosome, leading to the acidic pH suitable for melanin biosynthesis.
Since Otto Warburg (Warburg and Lüttgens 1944) , Cl -has long been known as an essential cofactor in the water-splitting system of PSII. The role of Cl -in PSII can be functionally replaced by Br -, NO 3 -and I - (Kelley and Izawa 1978) . However, the NO 3 -efflux pump is very unlikely with regard to Slr0753, since it is the important substrate for photosynthetic nitrogen assimilation. Br -and I -are much less abundant in natural cells and their efflux may not affect the PSII activity. Thus, Cl -may be the most likely substrate for the Slr0753 efflux pump. Ion homeostasis seems to be of particular importance in cyanobacteria during photosynthesis. It is well established that the HCO 3 -anion is concentrated up to >50 mM in the cytoplasm to supply CO 2 for photosynthetic carbon fixation in cyanobacteria (Ogawa et al. 1985) . This may require an additional factor to maintain the ion balance in the cytoplasm. A possible role for Slr0753 in Cl -efflux may be detected in the process of HCO 3 -uptake.
From the psbV-disruptant, we also isolated suppressor mutants that gained photoautotrophic growth in the absence of Ca 2+ in liquid cultures. We tried similar growth complementation of the disruptant with this suppressor DNA. However, this was unsuccessful since the disruptant was able to grow on Ca
2+
-free agar plates. This is probably because the extensively washed agar still preserved a certain amount of Ca
. In the liquid culture, complementation with the suppressor DNA was successful but the efficiency was not good. Anyway, the psbVdisruptant is very useful as a parent strain for screening of Ca
and Cl -homeostasis mutants.
According to the genome sequence and the complete set of plasmid sequences, Synechocystis sp. PCC6803 has 89 copies of insertion sequences. They are classified into nine distinct classes, suggesting that some of them are still active (Kaneko et al. 2003) . In fact, we previously reported that the four identical copies of ISY203 (ISY203b, ISY203e, ISY203g and ISY203j) were newly generated from the fifth identical copy (ISY203x) only in the sequenced strain ('Kazusa' strain), by comparing them with the genome sequence of the original PCC strain (Okamoto et al. 1999) . Here, we showed that inactivation of slr0753 can be positively screened on the genetic background of the psbV-disruptant in Cl --free medium and demonstrated that two of the three independent mutations were generated by transposition of ISY203x and ISY203f. This is the first observation that ISY203f is also an active mobile element. These findings suggest that slr0753 on the psbV-minus background can be used as an efficient trap for insertion sequence transposition that has not been analyzed systematically in cyanobacteria. Indeed, we detected transposition of ISY100 as well as ISY203 (M. Kobayashi et al. in preparation).
Materials and Methods
The glucose-tolerant strain of the cyanobacterium Synechocystis sp. PCC 6803 was used in this study (Williams 1988) . The psbVdisruptant was described previously (Shen et al. 1995) and is a kind gift from Dr. J. R. Shen (Okayama University). Most of the coding region of psbV was deleted between the HincII and XbaI sites and replaced with an erythromycin-resistant cassette. The slr0753-disruptant was generated by interruption with a Tn903-derived kanamycinresistance cassette at the MscI site. Synechocystis cells were grown in liquid BG11 medium (Stanier et al. 1971 ) at 31°C with continuous light and bubbled with air containing 1% (v/v) CO 2 . Alternatively, cells were grown on 1.5% (w/v) agar (Bacto-Agar, Becton Dickinson, Franklin Lakes, NJ, USA) plates containing BG11 and 0.3% (w/v) sodium thiosulfate. In the Cl --free media, CaCl 2 was replaced with Ca(NO 3 ) 2 . The mutants were maintained in BG11 with 20 µg ml -1 erythromycin or 20 µg ml -1 kanamycin, while these antibiotics were not included for the growth experiments.
Spontaneous non-Cl --requiring mutants were isolated from the psbV-disruptant that was incubated in Cl --free BG11 medium containing erythromycin under illumination. Genomic DNA of the mutants was digested with EcoRI, size fractionated by agarose gel electrophoresis and cloned into pUC118. Photoautotrophic growth of the psbV-disruptant on the Cl --free BG11 plate was restored by addition of DNAs from the genomic DNA library. Since agar contains residual Cl -, extensive washing is essential for the growth arrest of the psbVdisruptant on the Cl --free BG11 plate. Agar was sequentially washed with water, ethanol and acetone, and finally dried before preparation of agar plates (Waterbury and Willy 1988) . The complementing DNA inserts were sequenced by the BigDye terminator fluorescence detection method (Applied Biosystems, Foster City, CA, USA) to identify the mutation.
Hydropathy was calculated using the algorithm developed by Kyte and Doolittle (1982) .
